Two-dimensional (2D) materials have attracted interest because of their excellent properties and potential applications. A key step in realizing industrial applications is to synthesize wafer-scale single-crystal samples. Until now, single-crystal samples, such as graphene domains up to the centimeter scale, have been synthesized. However, a new challenge is to efficiently characterize large-area samples. Currently, the crystalline characterization of these samples still relies on selected-area electron diffraction (SAED) or low-energy electron diffraction (LEED), which is more suitable for characterizing very small local regions. This paper presents a highly efficient characterization technique that adopts a low-energy electrostatically focused electron gun and a super-aligned carbon nanotube (SACNT) film sample support. It allows rapid crystalline characterization of large-area graphene through a single photograph of a transmission-diffracted image at a large beam size. Additionally, the lowenergy electron beam enables the observation of a unique diffraction pattern of adsorbates on the suspended graphene at room temperature. This work presents a simple and convenient method for characterizing the macroscopic structures of 2D materials, and the instrument we constructed allows the study of the weak interaction with 2D materials.
INTRODUCTION
Since graphene was discovered in 2004, two-dimensional (2D) materials have attracted interest because of their unique properties and potential applications (1) (2) (3) (4) . A major challenge in this field is how to synthesize wafer-scale single-crystal 2D materials. Some progress has been made in this direction; for example, millimeterto centimeter-scale single-crystal graphene domains have been successfully synthesized (5) (6) (7) (8) (9) (10) (11) (12) . However, the characterization of the crystalline quality of large-area graphene still relies on selected-area electron diffraction (SAED) in transmission electron microscopy (TEM) or low-energy electron diffraction (LEED). For SAED, the limited aperture size and TEM grid size make it time-consuming to completely map the crystal orientation distribution of large-area samples (see note S1). For LEED, the adsorbates on a surface could affect the LEED signal. Hence, an ultrahigh vacuum system and a long-time annealing process are imperative to obtain a sharp LEED pattern. However, LEED systems are vulnerable to interference from substrates. In general, we have no option but to select some representative regions of large-area 2D materials and assume that these regions can represent the global structural information of the whole sample. An effective method and instrument for characterizing the crystalline nature of large-area 2D materials are still lacking.
We present a method and an apparatus for the rapid crystalline characterization of centimeter-scale graphene via large-scale low-energy transmission electron diffraction and imaging. This enables us to rapidly acquire the structural information of a large-area sample through a single photograph of a diffracted image. An electrostatically focused electron gun is used as an electron source, generating an electron beam of sizes varying from 400 mm to 1 cm in diameter. Because the electron beam is large enough, no lenses are used to magnify the electron image after electrons pass through the graphene. Therefore, no aberration is introduced in the images or diffraction patterns. Low-energy electrons (200 eV to several keV) are used to avoid damaging the one-atom-thick graphene. As a consequence, the diffraction contrast of graphene is higher than that in TEM. Another key technique is the use of a lownoise super-aligned carbon nanotube (SACNT) film as sample support, which has negligible influence on the diffraction pattern and image acquisition (see note S2). An SACNT film of centimeter scale can be freestanding, thus supporting large-area 2D materials. In summary, the two techniques, a large-scale low-energy electron beam and a large-area SACNT film as sample support, enable the rapid and convenient characterization of large-area graphene and the study of the adsorbates on it. Previous studies of the adsorption on graphene frequently used LEED to acquire the diffraction pattern of the adsorption structure (13, 14) , which could not eliminate the interference of the substrate underneath the graphene (15) (16) (17) . The presented techniques allow the study of the intrinsic interaction of the adsorbates and the graphene. A unique diffraction pattern of adsorbates, presumed to be water molecules, on graphene at room temperature was observed. Invoked by the chain model of polymer adsorption on graphene (18), we proposed a presumed chain-based submonolayer structure to explain the diffraction pattern of the adsorbates. Large-area polycrystalline chemical vapor deposition (CVD) MoS 2 samples were also studied using the new method. This new method and the instrument we constructed will promote future research on 2D materials.
RESULTS

Experimental scheme and setup
The diffraction system is a very simple implementation of electron microscopy, no more complicated than a point-projection microscope (19, 20) . It comprises of only an electron source, a nearby sample, and an electron imaging screen some distance away. Figure 1 presents the simplified configuration of the diffraction system. An electrostatically focused electron gun composed of a thermionic cathode and lens system is used as the electron source. Graphene is suspended on two layers of cross-stacking SACNT films, forming a CNT/graphene hybrid film (CGF) (21) . The SACNT film with the network structure exhibited excellent mechanical performance, allowing it to suspend graphene of centimeter scale (inset of Fig. 1 , showing a CGF sample more than 1.6 cm long). A metal frame is used as the CGF sample holder (not plotted in Fig. 1) . A phosphor anode, placed behind the CGF sample, is used as the imaging screen. All of these parts work in a vacuum of approximately 10 −3 to 10 −5 Pa. By adjusting the lens system, electrons generated from the cathode can be focused (400 mm to 1 cm in diameter) and accelerated (200 eV to several keV) through the CGF. Some electrons are diffracted at specific angles depending on the in-plane lattice spacings of the graphene, forming diffraction patterns. For a single-crystal graphene domain, when the electron beam is tuned to be large enough to cover the whole sample, there is only one set of hexagonal diffraction patterns of the same shape as the graphene domain on the anode, as shown in Fig. 1 . Thus, the single-crystalline nature of a graphene domain can be revealed through a single photograph of a diffracted image. When the electron beam is focused to 400 mm, the diffraction pattern, like an SAED pattern, can also be acquired (see note S3). The angle q between the incident electron beam and the diffracted electron beam satisfies the equation
Here, l represents the wavelength of the electrons, and d represents the in-plane lattice spacing of graphene. The diffraction formula is slightly different from the conventional Bragg equation. A detailed explanation is presented in note S3.
Characterization of large-area single-crystal graphene A large-area single-crystal graphene synthesis approach was used by combining a multistage carbon supply and second passivation (22) . Figure 2 (A and B) shows photographs of graphene islands on a copper foil, which was oxidized in air at 200°C to make the graphene islands optically visible (23) . Two islands, denoted as 1 and 2 in Fig. 2B , were investigated in detail. These graphene islands were transferred onto the SACNT film, forming a centimeter-scale CGF sample (21) . Figure 2C shows the photograph of the CGF sample, including graphene islands 1 and 2. The sample was then placed in the electron diffraction system. When the electron beam was enlarged to cover the entire graphene island 1, the diffracted image of this graphene island could be observed, as shown in Fig. 2 (D and E) . It is similar in appearance to the shadow image in convergent beam electron diffraction (24) (25) (26) or the multiple Fig. 1 . Schematic of the low-energy transmission electron diffraction system. Thermionic cathode, lens system, graphene sample, SACNT film sample support (not shown), and phosphor anode. The lens system can be tuned to generate electron beams of variable size (from 400 mm to 1 cm in diameter). The front view of the graphene sample and anode is shown. The inset at the bottom right shows a photograph of a CNT/graphene hybrid film (CGF) more than 1.6 cm long.
dark-field image (27) . Shadow imaging and multiple dark-field imaging can only be used to characterize very small local regions of nanometer to micrometer scale. For larger regions, the diffraction disks overlap because of the small diffraction angle in TEM. In contrast, the angle corresponding to {10-10} diffraction spots of graphene in the diffraction system can be as large as 9°. As shown, each part of the diffracted image in Fig. 2E is separated, comprising of a hexagonal diffraction pattern, and the shape of the diffracted image is the same as that of graphene island 1. Thus, the single-crystalline nature of graphene island 1 is directly identified from a single photograph. For graphene island 2, when the electron beam covered the entire sample, the image of this graphene island in the central spot could be observed, as shown in Fig. 2J (similar to that in Fig. 2D ), but the diffracted image became very complex, as shown in Fig. 2K . Because the electrons passing through different graphene domains will be diffracted at different azimuthal angles, the diffracted image is a superposition corresponding to each graphene domain (Fig. 2K) . Thus, we can rapidly distinguish whether a graphene island is a single crystal on the basis of its diffracted image, which simultaneously shows the diffraction pattern and image of a large-area sample.
When the electron beam in the diffraction system was focused to a small size, a diffraction pattern, similar to the SAED pattern, could be achieved for both graphene island 1 (Fig. 2 , F to I) and graphene island 2 ( Fig. 2 , L to O). The diffraction patterns of graphene island 1 at different positions show the same set of hexagonal diffraction spots without rotation, again confirming that graphene island 1 is a single crystal. In contrast, the diffraction patterns of graphene island 2 at different positions show three sets of hexagonal diffraction spots, indicating that graphene island 2 is composed of at least three single-crystal graphene domains. Thus, a detailed analysis of the crystalline nature can also be realized via a fast scan of electron diffraction patterns (see movies S1 and S2). Whether by using the diffracted image or via a fast scan, the characterization of large-area graphene is more efficient than the commonly used SAED. As a rough estimation based on beam size and aperture size, SAED will require time approximately 8 orders of magnitude greater than that of the presented method required to completely characterize the crystalline nature of a graphene island of centimeter scale (see note S1). To demonstrate the power of our technique, we performed a 2D spatial mapping of a submillimeter graphene island (see note S4).
Characterization of the crystal orientation distribution of large-area polycrystalline graphene For a large-area polycrystalline graphene composed of graphene domains much smaller than the electron beam size, the method can be used to acquire the crystal orientation distribution of the sample. Figure 3A shows the optical image of the large-area continuous polycrystalline graphene transferred onto a silicon substrate (with a 300-nm SiO 2 layer). The homogeneous optical contrast indicates that the sample is a uniform monolayer graphene. The SAED pattern shown in Fig. 3B also confirms that the graphene is monolayer (see note S5). The diffracted image of polycrystalline graphene taken in the diffraction system is shown in Fig. 3C . Different from Fig. 2E and Fig. 3B , two sets of hexagonal diffraction patterns appear in Fig. 3C . When the electron beam diameter was decreased (to approximately 400 mm; see note S6), the diffraction pattern also revealed two sets of hexagonal diffraction spots, as shown in Fig. 3D . Because the graphene sample was verified to be monolayer via optical (Fig. 3A) and TEM characterization (see note S5), the results shown in Fig. 3 (C and D) reveal the crystal orientation distribution of the large-area polycrystalline graphene. Because the graphene is polycrystalline composed of small single-crystal graphene domains of micrometer scale, the diffraction pattern is a superposition of diffraction patterns of many small-sized graphene domains. The two sets of diffraction patterns indicate that the polycrystalline graphene at millimeter scale has two preferred crystal orientations. With the largescale electron beam, the global crystal orientation distribution of largearea polycrystalline graphene can be ascertained.
Investigations of the relation between the copper substrate and the crystal orientation of graphene have used LEED to determine the crystal orientation distribution of large-area graphene (28, 29) . The diffraction system presented is also able to do that. In addition, the diffraction pattern obtained does not contain interference from the copper substrate. On each single-crystal copper grain approximating (100) face, there are two preferred crystal orientations for graphene growth, although the exact orientation angle may vary depending on the Miller indices of the copper grain (see note S7). The crystal orientation distribution of large-area MoS 2 can also be studied using the presented method, although there seems to be no preferred crystal orientation for MoS 2 growth on SiO 2 (see note S8).
Diffraction of adsorbates on graphene
The relatively low-energy electron beam required (as low as 200 eV) in the diffraction system is suitable for the investigation of adsorption, which has been intensely studied for years (13, 14, (30) (31) (32) (33) . With the rise of 2D materials, the adsorption on graphene has become a new research direction in recent years (13, 14, 34, 35) . In this diffraction system, we have studied the adsorption on graphene at room temperature. For the newly prepared CGF, a set of hexagonal diffraction spots appeared near the central spot, as shown in Fig. 4A . These extra diffraction spots gradually disappeared after a few seconds of electron irradiation (Fig. 4,  B to D) . When the electron energy was kept as low as 200 eV and the electron beam current was decreased, these extra diffraction spots remained stable for hours (see note S9). When the electron beam was moved to a new position, the extra diffraction pattern was observed and then disappeared again (see movies S3 and S4). As has been found in LEED, the adsorption on graphene will cause an extra diffraction pattern, and electron irradiation can induce desorption (13) . The extra diffraction pattern in this experiment is likely the result of adsorption. Because adsorption/desorption is a metastable phenomenon and sensitive to temperature, we heated the CGF to incandescence in vacuum and found that no extra diffraction spots could be observed in the diffraction pattern. A similar extra diffraction pattern was observed via LEED in a polymer/graphene bilayer system and was attributed to the diffraction of the polymer (18) . However, in this experiment, the extra diffraction pattern could not be the result of the polymer because no polymer was introduced in the graphene transfer process and electron diffraction operation. Because the CGF was rinsed in deionized (DI) water during preparation and no other chemical agents were subsequently introduced, water is one of the possible adsorbate species. Regarding the CGF sample without an extra diffraction pattern after electron irradiation or after being heated (Fig. 4, I and J), water mist was sprayed onto it for approximately 2 min (Fig. 4M) . The extra diffraction pattern was found to appear again (Fig. 4N) . Similar to before, this diffraction pattern disappeared again because of electron irradiation (see movie S5). In addition to single-crystal graphene, the diffraction pattern of the adsorbates can also be seen for polycrystalline graphene. Figure 4 (G and K) shows the diffraction patterns of the adsorbates on polycrystalline graphene with two and three crystal orientations, respectively. In each of them, the orientations of the diffraction spots caused by the adsorbates match the crystal orientations of the graphene, and the in-plane lattice spacing corresponding to these diffraction spots is twice the length of the {10-10} lattice spacing of the graphene. Beyond the diffraction spots of the adsorbates, the diffracted image of the adsorbates was also obtained when the electron beam was enlarged, as shown in Fig. 4O . It shows the same shape and orientation of the diffracted image of the graphene in the diffraction spots, indicating that the adsorbates are highly correlated with the graphene lattice at a large scale.
On the basis of the existing experimental results, we presumed the adsorbates on graphene to be water molecules. Water adsorption on graphene has been theoretically and experimentally investigated by many groups (13, 14, (35) (36) (37) (38) (39) (40) . The experiments were all carried out with graphene on a substrate such as platinum, silicon, and iridium (13, 14, 35, 37, 38, 40) . However, the substrate underneath the graphene may influence the adsorption itself. Li et al. (16) found that water adsorption on graphene can be enhanced (adsorption energy increased by up to 30%) in the presence of underlying metal substrates. For epitaxial graphene on a Ru(0001) substrate, it has been reported that water adsorbates will efficiently split the graphene (17) . Because the graphene in the diffraction system is suspended on an SACNT network, the influence of the substrate can be reduced, which is a big advantage of the diffraction system.
We presumed the adsorbates on the graphene to be water molecules and performed first-principles calculations to characterize the possible adsorption configurations (see method details in note S10). The key physical quantity needed to discuss structural stability is the binding energy per molecule E b defined as the energy difference between the adsorption system and the isolated graphene and molecules divided by the number of molecules. The primary contributor to E b is the hydrogen bonds between H 2 O molecules, and the secondary contributor is the van der Waals coupling between H 2 O and graphene. The adsorption structure was not the (√3 × √3)R30°ice structure that has been theoretically studied (15, 16) because it is inconsistent with those experimental results. We found that (2 × 2)R0°is a stable structure with an E b of −591 meV (see Fig. 4H ). The simulated {10-10} diffraction spots of monolayer (2 × 2)R0°structure (see Fig. 4L ) were consistent with the diffraction pattern of the water adsorption we observed, as shown in Fig. 4A . However, no other diffraction spots corresponding to higher Bravais-Miller indices of (2 × 2)R0°water adsorption were observed in Fig. 4A .
The LEED characterization of the polymer/graphene bilayer system also revealed only six extra diffraction spots, which is almost the same result as that of the presented diffraction system and was attributed to the folded-chain structure of poly(methyl methacrylate) (18) . Studies have shown that water also tends to form a chain structure on some substrates (41, 42) . Inspired by these reports, we presumed that the adsorbates on graphene may be submonolayer ice chains of quasi-longrange order. These ice chains show three equivalent crystal orientations of the same binding energy (Fig. 4P) . Because the electron beam size in the diffraction system is large enough, the observed diffraction pattern of water adsorption is a superposition of diffraction patterns of these ice chains of three orientations. If the electron beam is small and only covers ice chains of single-crystal orientation, there will be only one pair of diffraction spots of water adsorption. The diffraction results of the cryogenic TEM (cryo-TEM) characterization might support this presumption (see note S11 and movies S6 and S7). The observation of the unique adsorbates on the graphene through transmission electron diffraction in the experiment creates opportunities for further research in related areas. Although there is no conclusive experimental evidence to confirm the adsorbate species on graphene, we have demonstrated the power of the diffraction system in studying weak interaction phenomena with graphene.
Construction of a compact instrument
Considering the wide spectrum of potential applications in 2D materials, we designed and constructed a compact instrument, as shown in Fig. 5A . This instrument can do the same job as the diffraction system. Figure 5B shows the transmission electron diffraction pattern taken by this instrument. With the help of a microchannel plate (MCP), the diffraction spots of graphene and the adsorbates on it can be seen at normal illumination. Benefiting from miniaturization, this diffraction instrument can be applied in various occasions. A field emission gun (FEG) can also be used as an electron source to produce the diffraction pattern of the graphene (see note S12).
DISCUSSION
We have realized the rapid crystalline characterization of centimeterscale graphene via low-energy transmission electron diffraction and imaging. Large-area single-crystal graphene domains of millimeter scale can be easily verified through a single photograph of a diffracted image. The crystal orientation distribution of large-area polycrystalline graphene can be acquired via a fast scan. Additionally, a unique diffraction pattern of the adsorbates on the suspended graphene at room temperature can be observed. Because of the excellent mechanical performance and high electron transparency, the SACNT film, as a large-area sample support, yields advantages in electron diffraction and imaging. Large-area MoS 2 can also be characterized by using this method (see note S8). The presented method can be helpful for studying weak interaction phenomena with 2D materials and in situ synthesis on 2D materials at a wide range of temperatures. The presented compact instrument is expected to be useful in applications in both the academic research and industrial production of 2D materials.
MATERIALS AND METHODS
Synthesis of large-area single-crystal graphene domains
The first step is nucleation control. Commercially available copper foils (25 mm thick; 99.8%, Alfa Aesar) were electrochemically polished using a polishing solution to clean the surface. Graphene was synthesized on a copper foil in a low-pressure CVD (LPCVD) system equipped with a quartz tube 2.54 cm in diameter. To grow graphene, the system was heated to 1020°C under H 2 flow of 100 standard cubic centimeter per minute (sccm) at 110 Pa. The annealing was carried out for 1 hour at 1020°C to eliminate surface oxygen and contamination. After the annealing process, the first passivation for nucleation control was initiated by heating the copper for 30 min at 1020°C without gas at a pressure of 1 Pa. Subsequently, CH 4 and H 2 were introduced into the LPCVD system for the graphene growth at 1020°C under different H 2 /CH 4 ratios. The growth time was set to 5 min to form a small nucleus for subsequent rapid growth. The next step is second passivation and speed-up. After the nucleation-control step, the second passivation effect was carried out on the copper surface by shutting down the H 2 and CH 4 and heating without reducing the gas. During this step, the pressure of the system was nearly 1 Pa. In addition, the remaining gas, consisting of O 2 , resulted in the second passivation. The treatment time was set to 1 to 3 min to etch the original nuclei. The rapid growth of large singlecrystal graphene was initiated by introducing CH 4 and H 2 . Finally, the sample was moved from the high-temperature zone to a roomtemperature zone with the same gas flow using a magnet. Details of this method can be found in the study of Lin et al. (22) .
Synthesis of large-area continuous polycrystalline graphene The CVD method was used to grow large-area continuous polycrystalline graphene. Copper foils (25 mm thick; 99.8%, Alfa Aesar) were loaded into an LPCVD system equipped with a quartz tube 2.54 cm in diameter. The LPCVD system was heated to 1040°C for 40 min with H 2 (5 sccm) followed by annealing for 30 min. The system pressure was kept at 13 Pa. Then, CH 4 (30 sccm) was introduced as the carbon source for graphene growth for 20 min at a pressure of 66 Pa. Finally, the system was cooled down naturally with H 2 (5 sccm) and CH 4 (30 sccm).
Preparation of CGF
Because graphene was grown on both sides of the copper foil, an oxygen reactive-ion etching process was used to remove graphene from one side (bottom) of the foil. Then, two layers of SACNT films were crossstacked on top of the graphene. The copper foil was etched by using an ammonium persulfate solution (0.1 M), resulting in a free-standing CGF sample floating on the surface of the solution. The CGF sample was thoroughly washed with DI water and then transferred to the diffraction system.
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